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ABSTRACT: Transition metal heterobimetallic catalysts pro-
vide an alternative to classic transition metal ligand catalyst
design. The resurgence in popularity of heterobimetallic
complexes prompted our use of density functional theory to
examine the mechanism and reactivity of alkene hydrogenation
catalyzed by the transition metal heterobimetallic complex
Cp,Ta(CH,),Ir(CO)(PPh;) and the transition metal/main
group complex Ph,P(CH,),Ir(CO)(PPh;). Calculations indicate
that the Ir—Ta and Ir—P catalysts operate by different
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mechanisms. For the Ir—Ta complex, initial H, oxidative addition to the Ir metal center followed by reductive elimination of
an Ir—H and u-CH, bridge transforms the starting heterobimetallic complex into an active Ir—H catalyst. This catalyst precursor
transformation occurs because the cationic Cp,Ta group provides a low activation barrier for reductive elimination. This
transformation does not occur for the Ir—P catalyst because the reductive elimination activation barrier is significantly higher in
energy. The active heterobimetallic Ir—H likely catalyzes multiple turnovers of alkene hydrogenation before reforming the
original heterobimetallic Ir—Ta complex. The Ir—H catalytic cycle involves a series of classic organometallic reaction steps:
alkene migratory insertion, H, oxidative addition, and reductive elimination. In the Ir—P mechanism, the Ph,P(CH,), group
remains as a spectator ligand throughout the active catalytic cycle. The Ir—P catalytic cycle involves H, oxidative addition,
phosphine ligand dissociation, ethylene migratory insertion, and reductive elimination.
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B INTRODUCTION

Transition metal heterobimetallic complexes with a direct
metal—metal interaction provide a unique platform for chemical
reactivity due to the potential for cooperative effects between
metal centers."”> For example, a heterobimetallic metal—metal
interaction may facilitate an oxidation state change, enhance
electrophilicity/nucleophilicity, or completely alter a reaction
mechanism. Heterobimetallic complexes® provide an alternative
to the classic ligand-to-single-metal structure of mononuclear
complexes and are generally designed so that either both metals
are involved in bond formation events or the second metal acts
as an active ligand support.

In the fast few years, there has been a resurgence in the
synthesis, =7 structural and electronic characterization,® *° and
application of heterobimetallic complexes.''™** Catalytic early
late heterobimetallic complexes have been reported for cross-
coupling,'® allyl amination,'® hydrosilylation,"” hydroformyla-
tion,'® ethylene polymerization,19 alkyne cyclotrimerization,
and CH borylation.”!

Our group is involved in using density functional theory
(DFT) to understand mechanisms and origins of enhanced
catalytic reactivity for heterobimetallic complexes compared
with monometallic complexes. Here, we report DFT modeling
of alkene hydrogenation catalyzed by the heterobimetallic
transition metal complex Cp,Ta(CH,),Ir(CO)(PPh;) (1a) and
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the transition metal/main group complex Ph,P(CH,),Ir(CO)-
(PPh;) (1b) (Scheme 1).**** Calculations reveal, in accord

Scheme 1. Ir—Ta and Ir—P Catalysts Reported by Bergman
for Alkene Hydrogenation™
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with experiment, that the heterobimetallic Ir—Ta interaction
induces a catalytic mechanism that is different from the
transition metal/main group Ir—P interaction. Outlined in the
Results and Discussion section, our calculations suggest that the
heterobimetallic Ir—Ta complex undergoes a precursor trans-
formation in which the starting 1la complex is converted to an
active Ir—H catalyst. The Ir—H species catalyzes multiple
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Scheme 2. General Alkene Hydrogenation Catalytic Cycles for Complex 1a
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turnovers of alkene hydrogenation via a series of classic
organometallic reaction steps before reforming the original Ir—
Ta complex. This precursor transformation is not energetically
accessible for the Ir—P catalyst, and therefore, a different alkene
hydrogenation mechanism operates.

B RESULTS AND DISCUSSION

Possible Catalytic Mechanisms. There are several
possible mechanisms for alkene hydrogenation by Ir catalysts.**
Scheme 2 outlines three mechanistic permutations for catalyst
1a. Catalytic cycle I begins with PPh; dissociation to give the 3-
coordinate Ir intermediate A [Cp,Ta(CH,),Ir(CO)]. Subse-
quent H, coordination and oxidative addition transforms A into
the S-coordinate cis dihydride B [Cp,Ta(CH,),Ir(H),(CO)].
Ethylene coordination gives the octahedral intermediate C that
then undergoes migratory insertion to give the S-coordinate
Ir—H D [Cp,Ta(CH,),Ir(H)(CO)(Et)]. Reductive elimination
generates ethane and PPh; recoordination returns complex la
that is off cycle.
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Catalytic cycle II also involves PPh; dissociation to give
intermediate A. This is followed by ethylene coordination to
give intermediate E [Cp,Ta(CH,),Ir(C,H,)(CO)]. Subse-
quent H, oxidative addition and ethylene migratory insertion
steps are identical with those of catalytic cycle I. In both cycles I
and I, all reaction steps occur at the Ir metal center without the
direct involvement of the Cp,Ta(CH,), ligand scaffold.

Catalytic cycle III involves an important mechanistic twist
compared with catalytic cycles I and II. The cycle begins with
H, oxidative addition to give the 6-coordinate cis dihydride F
[Cp,Ta(CH,),Ir(H),(CO)(PPh,)]. Rather than PPh; dissoci-
ation to generate a vacant coordination site for ethylene
coordination, reductive elimination of the u-CH, group and
hydride results in the formally square planar intermediate G
[Cp,Ta(CH;)(CH,)Ir(H)(CO)(PPh,)]. Ethylene coordina-
tion and migratory insertion steps result in the Ir—H ethyl
intermediate I [Cp,Ta(CH,),Ir(H)(Et)(CO)(PPh,)]. At this
stage of the catalytic cycle, the Ta(CH,) group then undergoes
oxidative addition to form intermediate J [Cp,Ta(CH,),Ir(H)-
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Figure 1. MO06 enthalpy landscape for phosphine dissociation, H, oxidative addition, and ethylene coordination in catalytic cycles I and II. (kcal/

mol).

(Et)(CO)(PPh;)]. Subsequent reductive elimination generates
ethane and completes the catalytic cycle to reform complex 1a.

As an alternative to the full catalytic cycle III, there is a short
circuit pathway shown in red where ethane is generated by H,
addition to the Ir—H intermediate I. This reaction step forms
intermediate G and bypasses reforming the original hetero-
bimetallic complex 1a. In this shortened catalytic cycle, 1a is a
precatalyst and multiple turnovers occur with an Ir—H catalyst
before reforming complex 1la.

Computational Methods. All optimizations were per-
formed in Gaussian 09>° with the M06°® density functional and
6-31G(d,p) basis set for and LANL2DZ pseudopotential/basis
set for Ir and Ta (AE(y,). Geometries presented were
confirmed as minima or saddle points by optimization to a
stationary point and then full calculation of the Hessian and
vibrational analysis. Key transition-state structures were also
examined using intrinsic reaction coordinate calculations to
verify the connection to proposed intermediates. Extensive
conformation searching was performed for all intermediates
and transition-state structures. The structures presented are the
lowest energy conformations identified. The MO06 density
functional was chosen because it provides the best expected
accuracy for transition metal and main group species. All energy
calculations were performed with an ultrafine integration grid.
Electronic energies were improved using the 6-311+G(2d,2p)
basis set along with the LAN2TZ(f)*” pseudopotential/basis
set for Ir and Ta (AE (). All optimizations and single point
energy evaluations were carried out in the implicit SMD>® THE
solvent model. Enthalpies and free energies are reported at 298
K. Enthalpies reported are the sum of AE(j5e) + AGqopy(sman) +
AEpp(sman) + AH(gmary + nRT. Free energies include —TAS
correction.

Catalytic Cycles for Ir—Ta Catalyst. Both catalytic cycles I
and II begin with PPh; dissociation. The AH for PPh;
dissociation from complex la is 37.8 kcal/mol. On the free
energy surface, AG for PPh; dissociation from complex 1a is
23.6 kcal/mol. This enthalpy for PPh; dissociation coupled
with the AH* of 9.0 kcal/mol for H, oxidation addition to
intermediate A to give B results in an overall AH* = 46.8 kcal/
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mol for conversion of 1a and dihydrogen into B (Figure 1, left-
hand side). Although subsequent ethylene coordination is
thermodynamically favorable, the overall large barrier for H,
oxidative addition rules out catalytic cycle I. Catalytic cycle II
with ethylene coordination prior to H, oxidative addition is a
lower enthalpy process than cycle I; however, catalytic cycle II
is higher in enthalpy than catalytic cycle III discussed below.

The enthalpy landscape for catalytic cycle III is graphically
depicted at the top of Figure 2. H, coordination and oxidative
addition at the Ir metal center via TS1 transforms the square-
planar 4-coordinate Ir metal center into the cis dihydride F.
TS1 (Figure 3) requires AH* = 10.1 kcal/mol. The alternative
oxidative addition transition state where the CO group is cis to
both partial Ir—H bonds is ~5 kcal/mol higher in enthalpy. The
enthalpy of cis dihydride F is —6.7 kcal/mol relative to 1a and
free H,. This exothermic species is in accord with the observed
1:3 equilibrium ratio of 1a/F at 45 °C reported by Bergman
and co-workers.”> On the free energy surface (Figure 2,
bottom) the cis dihydride F is 2.0 kcal/mol higher in free
energy than la. The experimental 1:3 equilibrium of la/F
indicates that F should be ~0.5 kcal/mol exergonic compared
with 1a. The predicted slightly endergonic cis dihydride F on
the free energy landscape is likely due to slight overestimation
of translational entropy.

From the cis dihydride F, reductive elimination via TS2
places one of the hydride ligands onto the bridging methylene
group to give G and regenerates a formally 4-coordinate Ir
metal center. In TS2, reductive elimination of the hydride
group occurs in the plane of the y-CH, bridge (Figure 3). The
alternative transition state with reductive elimination of the
hydride group perpendicular to the y-CH, bridge requires >10
kcal/mol more enthalpy than TS2. This pathway is also lower
in enthalpy than PPh; dissociation to give B.

Inspection of structure G suggests that although the Ir is 4-
coordinate, there remains a significant dative interaction
between the Ir metal center and the Cp,Ta group. In 1a, the
Ir—Ta distance is 2.89 A and increases only slightly to 3.00 A in
G, and therefore, 1a should still be considered a hetero-
bimetallic complex. This Ir—Ta interaction keeps the Ta(CHj)
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Figure 2. MO06 enthalpy (top) and free energy (bottom) landscapes for the complete catalytic cycle III. (kcal/mol).

group in close proximity of the metal center. Rotation about the
remaining yu-CH, bridge that would partially sever the Ir—Ta
interaction is prevented by the bulky Cp groups.

Ethylene coordinates to intermediate G in a geometry where
it is trans to the weakly interacting Ta-CH; group to give H.
Ethylene coordination is 9.5 kcal/mol exothermic relative to G,
but on the free energy surface is ~6 kcal/mol endergonic
relative to G. The lowest enthalpy transition state for ethylene
migratory insertion into the Ir—H bond, TS3 (Figure 3),
requires PPh; and ethylene ligand rearrangement. TS3 requires
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AH* = 6.2 kcal/mol and leads to the Ir-Et species L. On the free
energy surface, TS3 requires AG* = 27.6 kcal/mol and this is a
higher free energy barrier than H, oxidative addition.

Because the Cp,Ta-CH; group remains covalently attached
to the Ir metal center via the remaining y-CH, bridge, there is
the possibility for oxidative addition via TS4 to give the iridium
hydride. Similar to TS1 and TS2, the AH* for TS4 relative to I
is 11.6 kcal/mol and relative to 1la is —3.1 kcal/mol. Catalytic
cycle III is completed by reductive elimination from iridium
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Figure 3. Key transition-state structures for catalytic cycle III. Bond distances reported in angstroms.

hydride to liberate ethane and regenerate la with AH* = 3.9
kcal/mol relative to 1a.

On the enthalpy landscape for catalytic cycle III, the Ir—H
intermediate J is exothermic by 20.1 kcal/mol, and the enthalpy
span from J up to transition state TSS suggests that this
catalytic step controls the rate of turnover;”® however,
inspection of the free energy landscape reveals that the
migratory insertion transition state TS3 is turnover-limiting in
the complete catalytic cycle IIL

We also explored the possibility that during cycle III, PPh,
dissociates from each intermediate. Our calculations suggest
that this is unlikely. For example, the H, oxidative addition
activation enthalpy increases to >20 kcal/mol when PPh,
dissociates. In addition, reductive elimination of the hydride
and p-CH, groups requires a >35 kcal/mol activation enthalpy
without PPh; coordination. Unfortunately, experiments by
Bergman and co-workers are inconclusive about PPh;
dissociation for catalyst la since the addition of excess PPh;
to catalyst la resulted in the formation of a new and
unidentified species.”

The original report by Bergman and co-workers favored the
full catalytic cycle III for catalyst 1a because: (1) Reaction of 1a
with dihydrogen resulted in the spectroscopically characterized
equilibrium with the dihydride [Cp,Ta(CH,),Ir(H),(CO)-
(PPh;)] complex F; (2) deuterium exchange studies showed
that under an excess of D,, all four methylene positions become
deuterated; and (3) the rate of hydrogenation is first order in
1a, dihydrogen, and alkene.

Our calculations show that the reaction pathway for catalytic
cycle I is, indeed, lower in enthalpy than the reaction
pathways for catalytic cycles I and II. However, there is also the
possibility that once the Ir-Et intermediate I is formed, there is
then a short circuit catalytic loop to generate ethane and
regenerate the Ir—H intermediate G without returning to the
original heterobimetallic complex 1a. The shortened catalytic
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cycle is depicted by the red arrows in Scheme 2. This catalytic
cycle loops among intermediates G, H, and L

The enthalpy landscape for the short circuit catalytic loop is
shown at the top of Figure 4. Similarly to the full catalytic cycle
I, this short circuit loop begins with ethylene coordination to
Ir-H G and migratory insertion through TS3 to give
intermediate I. The H, oxidative addition transition state TS6
(Figures 4, S) converts I into the cis dihydride K that is
exothermic by 23.6 kcal/mol. The AH¥ via TS6 for H,
oxidative addition is 4.4 kcal/mol relative to intermediate I.
This activation enthalpy is 7.2 kcal/mol lower in enthalpy than
TS4. The free energy landscape is shown at the bottom of
Figure 4. The AG* via TS6 for H, oxidative addition is 13.7
kcal/mol relative to intermediate I. This activation free energy
is 1.3 kcal/mol higher in free energy than TS4. This suggests
that that full catalytic cycle III and the short circuit cycle are
competitive, and it is likely that significant amounts of alkene
hydrogenation proceed through the short circuit loop. We favor
the short circuit loop resulting in the majority of alkene
hydrogenation because the comparison of TS6 and TS4 is
better evaluated on the enthalpy surface since TS4 is an
intramolecular transitions state and TS6 is an intermolecular
transition state and likely overestimates the translational
entropy penalty. This short catalytic loop is finished and
reforms Ir—=H G by reductive elimination through TS7 with
AH* = —9.7 kcal/mol, relative to 1a (and intermediate G).

Ir—P catalyst. As a comparison with catalyst 1a, Figure 6
shows the enthalpy surface for catalytic cycle III with the Ir—P
catalyst 1b. All intermediates related to catalyst 1b are named
with lower case letters. The most critical feature of this enthalpy
landscape in relationship to Figure 2 is that the reductive
elimination of the cis dihydride intermediate f via TS2b has a
significantly larger barrier than TS2. The AH* for TS2b is 28.2
kcal/mol. This is ~18 kcal/mol larger than TS2. Also different,
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Figure 4. M06 enthalpy (top) and free energy (bottom) landscapes for the short circuit catalytic loop. (kcal/mol).

intermediates g, h, and i are ~10 kcal/mol more exothermic
than the corresponding intermediates in Figure 2.

The large activation barrier for TS2b compared with TS2 is
unexpected, given the structural similarity of complexes 1a and
1b and results in a different catalytic cycle presented later that is
lower in enthalpy. This high enthalpy transition state TS2b also
accounts for why there is experimentally no deuterium
incorporation into the y-CH, bridge. The origin of the high
enthalpy reductive elimination transition state can be attributed
to two effects and is not correlated with the corresponding
reaction step thermodynamics: (1) the relative electron density

at the metal center that enables Ir'" to Ir' reduction; (2) the

relative stability of the y-CH, anion ligand that is involved in
reductive elimination.

Although relative electron densities on the Ir metal center
undoubtedly have an effect on the relative reductive elimination
barriers, we suggest that the more impactful effect is that the
cationic Cp,Ta group, compared to the cationic PPh, group,
induces greater transition state stabilization of developing
partial carbon anion character on the methylene group during
reductive elimination. This is supported by an ~20 kcal/mol
lower proton affinity for [Cp,Ta(CH,),]* — [Cp,Ta(CHj;)-
(CH,)] + H* compared to [P(CH;),]" — [P(CH;)3(CH,)] +

1845 DOI: 10.1021/cs501884j
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H*. Similarly, [C,Ta(CH;),]* has an ~15 kcal/mol lower
proton affinity than [CLLP(CH;),]".

The most plausible catalytic cycle identified by calculations
for complex 1b is shown in Figure 7. Analogous to cycle III, this
catalytic cycle begins with H, oxidative addition via TS1b to
give the cis dihydride f. This pathway is lower in enthalpy than
PPh; dissociation prior to TS1b. At intermediate f, the
mechanism diverges from catalytic cycle III. Rather than
reductive elimination of the Ir—H and y-CH, groups due to the
prohibitively high activation barrier, there is an energetically
feasible PPh, dissociation pathway (AH = 18.8 kcal/mol
relative to 1b) that forms the S-coordinate intermediate b. This
phosphine dissociation pathway is consistent with experiments
by Bergman and co-workers, who showed that excess PPh;
inhibits alkene hydrogenation with complex 1b. Additionally,
the u-CH, groups in catalyst 1b do not undergo deuterium
exchange with D,. This mechanism is not operative for complex
1a because intermediate B (see Figure 1) is significantly higher
in energy than transition state TS2 (see Figure 2).

Ligand rearrangement and ethylene coordination to complex
b results in the 6-coordinate trans dihydride complex ¢, which is

~4 kcal/mol lower in enthalpy than cis dihydride geometries.
The trans dihydride geometry also provides the lowest energy
pathway for ethylene to insert into the Ir—H bond via TS6b
with AH* = 12.7 kcal/mol. The resulting Ir—Et intermediate d
then easily undergoes reductive elimination via transition state
TS7b (AH* = 6.7 keal/mol) to give ethane and regenerate 1b
with PPh; recoordination. The Ir—P catalytic cycle (cycle IV)
corresponding to the enthalpy landscape presented in Figure 7
is shown in Scheme 3. The bottom of Figure 7 also reports the
free energy landscape of the proposed mechanism for catalyst
1b. On this free energy landscape, the barriers for H, oxidative
addition and Ir—H migratory insertion are very similar, and at
this level of computational treatment, it is unclear which of
these two reaction steps is predicted to control the rate of
turnover.

We have also examined the possibility that catalytic cycle IV
is short circuited. For example, it is possible that the Ir-CO
intermediate 1 undergoes H, oxidative addition faster than
recoordination of PPh; (Scheme 3, orange arrow). We have
discounted this possibility because the AH* for oxidative
addition of H, without PPhy is 7.0 kcal/mol larger than that for
TS1b. A second short circuit cycle is also possible in which the
Ir-Et intermediate d reacts with H, to generate ethane and the
Ir cis dihydride intermediate b. This catalytic cycle bypasses all
3-coordinate Ir intermediates as well as complex 1b. Unlike for
catalytic cycle III, the only pathway possible for the conversion
of Ir-Et d into the cis dihydride b is via concerted H, 1,2
addition across the Ir-Et bond. This pathway requires AH* =
14.0 kcal/mol relative to Ir-Et d. This activation enthalpy is
significantly larger than the AH* = 6.4 kcal/mol relative to Ir-Et
d for reductive elimination of the hydride and ethyl groups to
generate L
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Figure 7. M06 enthalpy (top) and free energy (bottom) landscapes for proposed mechanism of catalyst 1b. (kcal/mol).

B CONCLUSIONS

DFT modeling of alkene hydrogenation by the Cp,Ta-
(CH,),Ir(CO)(PPh;) la complex and the Ph,P(CH,),Ir-
(CO)(PPh;) 1b complex revealed several important features
of heterobimetallic catalysis versus transition metal/main group
catalysis: (1) Calculations indicate that the Ir—Ta and the Ir—P
catalysts operate by different mechanisms. (2) The Ir—Ta
complex undergoes precursor transformation to an active
heterobimetallic Ir—H species that likely catalyzes multiple
turnovers of alkene hydrogenation before reforming the original
heterobimetallic Ir—Ta complex. The Ir—H short circuit
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catalytic cycle involves ethylene coordination, migratory
insertion, H, oxidative addition, and reductive elimination of
ethane. (3) The key step in the precursor transformation is the
reductive elimination of hydride and y-CH, groups. (4) This
precursor transformation does not occur for the Ir—P catalyst
because the reductive elimination activation barrier is
significantly higher in energy. (5) The Ir—Ta catalyst is
proposed to undergo much faster reductive elimination of the
hydride and p-CH, groups compared with the Ir—P catalyst as
a result of greater stabilization of & carbon anion character in
the transition state by the cationic Cp,Ta group. This
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Scheme 3. Alkene Hydrogenation Catalytic Cycles for
Complex 1b
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conclusion is supported by the lower proton affinity for
[Cp,Ta(CH,),]* versus [P(CH;),]". (6) In the Ir—P
mechanism, the Ph,P(CH,), group remains as a spectator
ligand throughout the active catalytic cycle. (7) The Ir—P
catalytic cycle involves H, oxidative addition, phosphine ligand
dissociation, ethylene migratory insertion, and reductive
elimination of ethane.

Overall, this study showcases the possibility of utilizing a
nontraditional ligand scaffold that involves a direct transition
metal—transition metal interaction to control the operation of a
catalytic cycle and achieve a mechanism that is different from a
monometallic transition metal catalyst. The recent resurgence
of synthesis and use of heterobimetallic catalysts provides new
direction for catalyst design that will potentially impact
inorganic transformations as well as enable new reactivity and
selectivity in organic synthesis. Further insights into the
operation of heterobimetallic catalysts will also provide a link
between homogeneous single-site metal catalysis and hetero-
geneous catalysis.
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